Synaptobrevin 2 (Syb2), syntaxin (Sx1A), and SNAP-25, generate a force to induce fusion pore formation. The v-SNARE, Syb2, is anchored to the vesicle membrane by a single transmembrane domain. Here we show that 2 tryptophans (W89/W90) located in the juxtamembrane domain of Syb2, which stabilize the transmembrane (TM) domain position, control the ratio of spontaneous vs. stimulated membrane fusion events in chromaffin cells. Changing the 2 hydrophobic tryptophans to neutral alanines promotes spontaneous membrane fusion, faster transmitter release kinetics and complete release from individual vesicles. The results indicate that the two tryptophans act as a fusion clamp making fusion stimulus-dependent.
Introduction
Cells release pre-formed molecules stored in secretory vesicles by fusion of the vesicle membrane with the plasma membrane [1] . SNARE complexes, including syntaxin-1 and SNAP-25 on the plasma membrane, and synaptobrevin 2 (Syb2) anchored in the vesicle membrane, provide energy to mediate the formation of the fusion pore, a channel connecting vesicle membrane and plasma membrane [2, 3] . In Syb2, a short linker connects the SNARE motif to the C-terminal TM domain [4] , the function of which is still debated. The linker may be the calmodulin and lipid binding site of synaptobrevin [5] . According to the post-fusion crystal structure of the SNARE complex [6] , hydrophobic contacts exist not only between SNARE motifs but also between linkers and TM regions of Syb2 and syntaxin. An aromatic layer (syntaxin: Y257; Syb2: Y88, W89, W90) in the linker region is surrounded predominantly by basic residues and appears to be crucial for the linker contacts [6] .
Previous work suggested that complexin controls the coupling of SNARE-complexes to membrane fusion [7] . In mouse cortical neurons complexin knock-down increases spontaneous fusion but suppresses fast Ca 2+ -evoked fusion [8] . The Syb2 W89A W90A double mutation (named WA mutant) phenocopied the complexin knockdown, suggesting that these residues may be involved in the complexin-Syb2 interaction although the mutation had no effect on complexin-SNARE complex binding [8] . Residues W89 and W 90 are located in the membrane-water interface [9] and contribute to stabilization of the Syb2 TM domain position [10] .
Chromaffin cells are a widely used model system to study fusion pore formation and transmitter release kinetics [11] . The kinetics of transmitter release from single vesicles has been characterized in great detail using electrochemical [12] , electrophysiological [13] and imaging methods [14] . In amperometric recordings, single fusion events produce an amperometric spike [15] , which may be preceded by a pre-spike foot signal [16] , representing the catecholamine release kinetics through the early narrow fusion pore [17, 18] . Using v-SNARE (synaptobrevin 2 and cellubrevin) double knock-out (dko) chromaffin cells, we characterized spontaneous and stimulated release events mediated by the Syb2 WA mutant. The results indicate that the tryptophans W89/W90 act as a fusion clamp. We propose that this clamping function is released in the WA mutant by increased mobility of the Syb2 TM domain.
Materials and methods

Cells and viral expression
Chromaffin cells from syb2/ceb dko E18 embryonic mice were isolated and cultured as described [19] . Virus production and infec- Abbreviations: Syb2, synaptobrevin 2; Syb2 WA, synaptobrevin W89AW90A mutants; Syb2 WT, wild-type synaptobrevin; SNARE, SNAP (soluble NSF attachment protein) receptor; dko, synaptobrevin 2 and cellubrevin knockout tion was performed as described [19] . Syb2 W89AW90A (Syb2 WA) mutant constructs were generated by using the Quik-Change Site-directed Mutagenesis Kit (Stratagene CA) and verified by DNA sequencing. The Syb2 wt and mutants were cloned into a modified pSFV1 plasmid, where an internal ribosome entry site was inserted followed by the gene of enhanced GFP as described [20] .
Syb2 expression level
Immunostaining to estimate the overexpression levels of wild type Syb2 (WT) and Syb2 WA, chromaffin cells from dko mouse embryos was performed as described [2] . Cells were cultured in glass bottom dishes (MatTek Corporation). Six hours after transfection, cells were fixed in 4% paraformaldehyde (PFA) solution for 30 min, permeabilized in 0.1% Triton-100X for 10 min and blocked with 6% bovine albumin serum (Sigma-Aldrich) for 1 h. After removing the blocking buffer, the cells were incubated with the primary Syb2 antibody (1:500 dilutions, Abcam ab70222, Cambridge) for 2 h, washed 5 times with PBS, incubated with Alexa 546-labeled secondary antibodies (Invitrogen A-11071,1:200 dilutions) for 1 h, washed and mounted. Fluorescence imaging was performed with a Zeiss Axiovert 135 microscope. Alexa 546 was excited with 546 ± 10 nm and imaged through a 580 ± 30 nm emission filter with CCD camera (ANDOR™ E2V TECH CCD97) with fixed 100 ms exposure time. Images were analyzed using ImageJ.
Amperometry
Homemade carbon fiber electrodes with a diameter of 5.4 lm were used for amperometric measurements [3] . Amperometric currents were recorded with an EPC-7 amplifier (HEKA) applying an electrode voltage of +700 mV, filtered at 3 kHz and analyzed by a customized macro for IGOR software [21] . The analysis was restricted to events with a peak amplitude >5 pA. Foot signal analysis was restricted to events with foot current >0.5 pA and foot duration >0.5 ms. The bath solution (BS) contained 140 mM NaCl, 5 mM KCl, 5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM Hepes/NaOH, and 20 mM glucose (pH 7.3), and stimulation solution (SS) contained 45 mM NaCl, 100 mM KCl, 5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM Hepes/NaOH, and 20 mM glucose (pH 7.3).
Capacitance measurement
Cell-attached patch-clamp capacitance measurements were performed with patch pipettes (1-2 MO) using an EPC-7 amplifier (HEKA) and a lock-in amplifier (SR 830; Stanford Research Systems) applying a 20-kHz, 50-mV (root-mean square) sine wave [22] . In the pipette solution 100 mM NaCl of BS was replaced with 100 mM TEA-Cl as described [3] . Vesicle sizes were quantified by measuring capacitance step sizes >0.1 fF. All experiments were performed at room temperature.
Statistical analysis
For each analyzed parameter the median value was determined for each cell and the mean of these values was calculated such that number of values equals the number of cells analyzed.
Results
To investigate the functional role of the aromatic amino acid pair W89/W90 in the linker of Syb2 on exocytosis and fusion pore formation, wild-type Syb2 (Syb2 WT) or Syb2 WA (W89A/W90A) mutant were overexpressed in v-SNARE dko chromaffin cells. Spontaneous and stimulated exocytotic events were recorded by carbon fiber amperometry for 2 min in bath solution containing 5 mM KCl (spontaneous) followed by 2 min in 100 mM KCl (stimulated). The expression levels of the Syb2 WA mutant and Syb2 WT were similar ( Fig. 1A and B) .
No spontaneous and stimulated events were detected in dko cells (Fig. 1C) , consistent with previous reports in chromaffin cells [19] , confirming that the v-SNARE is required for membrane fusion. Viral expression of Syb2 WT rescues fusion in response to stimulation as expected [2, 19] . A few spontaneous exocytotic events were also detected in 5 mM KCl bath solution before stimulation. The number of stimulated exocytotic events was reduced (19.7 ± 3.7 events/cell) in Syb2 WA expressing cells compared to Syb2 WT expressing cells (35.3 ± 4.5 events/cell) (Fig. 1D) . However, cells overexpressing the Syb2 WA mutant showed a marked increase in spontaneous fusion events (15.6 ± 2.7 events/cell), 2.3-fold more than cells expressing Syb2 WT (6.9 ± 2.0 events/cell). For Syb2 WA expressing cells, there was no statistically significant difference of amperometric spike frequency between spontaneous release and stimulated release.
To determine whether the juxtamembrane tryptophans also modulate the kinetics of individual vesicle release events, the five parameters quantal size, spike half-width, peak amplitude, foot duration and foot current amplitude ( Fig. 2A) were determined for each amperometric spike. Release events from Syb2 WA expressing cells had nearly twice the quantal size (0.30 ± 0.02 pC) than those of Syb2 WT expressing cells (0.17 ± 0.02 pC). Larger quantal size detected in Syb2 WA mutants may be due to either larger transmitter amount stored in each vesicle [23] or due to a larger extent of granule emptying [24] .
To determine the total transmitter amount stored per vesicle, individual cells were pierced by the carbon fiber electrode. A large slow amperometric current wave (Fig. 2C) indicates release of oxidizable cytosolic transmitter from the pierced cell as previously shown by patch amperometry [25] . Superimposed on this slow wave are amperometric spikes (Fig. 2C and D) that are generated by intact chromaffin granules diffusing out of the cell, which burst as they encounter the surface of the CFE [25] . The total transmitter content recorded from such bursting vesicles (Fig. 2E ) was indistinguishable between cells expressing the Syb2 WA mutant (0.35 ± 0.04 pC), cells expressing Syb2 WT (0.33 ± 0.04 pC) and dko cells devoid of both Syb2 and Cellubrevin (0.33 ± 0.06 pC).
The number of spikes (Fig. 2F ) from cells expressing Syb2 WA mutant (21.6 ± 3.7 spikes/cell) was unchanged compared to Syb2 WT (24.2 ± 4.3 spikes/cell) and dko cells (22.7 ± 5.1 spikes/cell), consistent with unchanged number of granules in cells from dko and wild-type mouse embryos as determined by electron microscopy [19] .
To determine whether Syb2 WA changes vesicle size, cell-attached capacitance measurements were performed (Fig. 2G) . Upward capacitance steps in the imaginary part (Im) indicate individual exocytotic events. Narrow, low conductance fusion pores lead to transient increases in the real part (Re) [22] , which are evident for the larger events. Vesicle size of Syb2 WA cells (0.60 ± 0.12 fF, diameter 148 ± 13 nm) is similar to that of Syb2 WT cells (0.58 ± 0.11 fF; diameter 145 ± 12 nm), indicating that Syb2 WA did not change vesicle size. The vesicle size detected by capacitance measurements is comparable to that observed by electron microscopy [19] .
The amperometric spike peak amplitude (Fig. 3A) of Syb2 WA mutant cells (42.9 ± 2.8 pA) was nearly 50% larger than that of Syb2 WT cells (29.6 ± 2.9 pA). However, the amperometric spike half-width (Fig. 3B ) of Syb2 WA expressing cells (4.26 ± 0.42 ms) was not significantly different from that of Syb2 WT expressing cells (3.40 ± 0.45 ms).
Amperometric spikes from chromaffin cells are frequently preceded by a foot signal that reflects transmitter leakage during the early narrow fusion pore stage [16, 17] . The amperometric foot current amplitude indicates the flux of molecules through the early narrow fusion pore, and the duration of the foot signal represents the time interval from the initial fusion pore opening to the expanded fusion pore [3, 18] . The mean foot amplitude of cells overexpressing Syb2 WA (3.36 ± 0.15 pA) was 40% larger than that of cells overexpressing Syb2 WT (2.43 ± 0.14 pA) (Fig. 3C) . The amperometric foot signal duration (Fig. 3D) was not significantly different between the Syb2 WT (3.53 ± 0.36 ms) and Syb2 WA (4.01 ± 0.36 ms) cells.
To determine whether the quantal size and transmitter release kinetics differ between spontaneous and stimulated release events, the quantal size, spike peak amplitude and foot amplitude before and after stimulation were compared. As shown in Figs. 2B, 3A and C, the quantal size, spike peak amplitude and foot current amplitude of spontaneous release events were similar to those of stimulated events for both, Syb2 WT and Syb2 WA cells.
Discussion
Frequency of exocytotic events
Mutating W89 and W90 of Syb2 to alanine led to a nearly 50% decrease in the number of stimulated exocytotic spikes, which is consistent with a previous report on PC12 cells showing that the W89/W90 mutation strongly reduces Ca 2+ dependent release [5] .
We show here that the number of spontaneous exocytotic spikes from cells overexpressing Syb2 WA mutants were 2.3-fold increased and the number of spontaneous exocytotic spikes (15.6 ± 2.7 events/cell) was close to that of the stimulated spikes (19.7 ± 3.7 events/cell). The total number of vesicles present in the cell is unchanged in Syb2 WT, Syb2 WA and dko cells. This data suggests that transmitter release in chromaffin cells expressing the Syb2 WA mutant becomes largely independent of the stimulus, which increases the intracellular Ca 2+ concentration. The results are consistent with those obtained in experiments using cultured neurons, which showed increased spontaneous and decreased stimulated release [8] .
Properties of single vesicle release events
Single release events from Syb2 WA expressing chromaffin cells showed larger quantal size although vesicle size and total transmitter stored per vesicle was unchanged. Syb2 WA expression therefore does not change vesicle loading but the extent of release. The larger quantal size of exocytotic release events from Syb2 WA mutant expressing cells is consistent with complete release of the vesicular contents. In contrast, vesicles in Syb2 WT expressing cells release only approximately half of their transmitter content. This result is consistent with a previous report showing that large dense core vesicles in PC12 discharge only 40% of their total loaded transmitter [26] . Furthermore, the fact that quantal size measured in patch amperometry recordings (where full fusion is evident from capacitance measurements) is much larger than quantal size of conventional amperometry detection [27, 28] , suggests that full fusion is enhanced in patch amperometry due to tension in the membrane patch and may not be the generally preferred mode of fusion. Quantal size has also been reported to depend on the intensity of stimulation [24] . These reports suggested that fast release kinetics may lead to full release of vesicle transmitters. In Syb2 WA expressing cells the larger quantal size was associated with larger amperometric spike peak amplitude, indicating that the WA mutant accelerates the rate of transmitter release from single granules, presumably due to a larger expansion of the fusion pore. If fusion pore opening is transient, a faster transmitter release rate may lead to more complete emptying of the granule if the duration of the fusion pore opening is limited and is unchanged between the mutant and wild type protein.
The mean amperometric foot amplitude represents the flux of transmitter released through the initial narrow fusion pore. Given the unchanged vesicular transmitter concentration, the change in flux of transmitter indicates a change in fusion pore structure [3] . The larger foot amplitude in Syb2 WA expressing cells suggests a wider or shorter initial fusion pore formed by the Syb2 WA mutant protein.
In hippocampal synapses, cells expressing the Syb2 WA mutant exhibited similar mEPSC and mIPSC amplitudes as Syb2 WT cells and knock-out cells [8] . This result supports the view that, in contrast to release from chromaffin granules, synaptic vesicle release mediated by wild type Syb2 is complete. This discrepancy may be due to the higher curvature of synaptic vesicles that may promote full fusion [29] . Release through the fusion pore is an electrodiffusion process [18] and the time required for full release decreases with vesicle volume. It is thus also possible that for synaptic vesicles the time of transient fusion pore opening is usually sufficient to ensure complete release.
Role of the Syb2 juxtamembrane tryptophans in exocytosis
In its post-fusion structure, the helical SNARE complex continuously extends throughout the linkers and TM domains [6] , Since the TM domains of syntaxin and Syb2 are located in different membranes before fusion, the conformation of the SNARE complex must change during the membrane fusion process. This conformational change may provide a force that helps to overcome the energy barrier for membrane fusion. The generation of such a force by SNARE complex zippering changes the location and orientation of the TM domain of Syb2 in the membrane [10] . The tryptophans are located in the membrane-water interface [9] and act as anchors. The generation of force by the SNARE complex may pull them towards the extravesicular side [10] to interact with syntaxin Y257 and form an aromatic layer, which will help to extend the helical of SNARE complex continuity throughout the linkers and TM domain. The energy for dislocation of the Syb2 TM domain is considerably reduced in the WA mutant [10] , which may explain the increased rate of spontaneous release events and indicates that the tryptophans contribute to the clamping mechanism that makes release stimulation-dependent. A recent report [30] shows that vesicles containing Syb2 exhibit stimulus-evoked release while vesicles containing the Syb2 homolog Vti1a prefer spontaneous release. Vti1a lacks the juxtamembrane aromatic amino acids, further supporting the conclusion that the tryptophans W89 and W90 play a key role in the clamping function that makes transmitter release dependent on stimulation by Ca 2+ . Fig. 3 . Influence of Syb2 WA mutation on amperometric spike and amperometric foot kinetics quantified by mean peak amplitude (A), half-width (B), foot amplitude (C) and foot duration (D) for cells overexpressing Syb2 WT (n = 17) or Syb2 WA (n = 12) in bath solution containing 5 mM or 100 mM KCl. ⁄ P < 0.05, # P > 0.05 (Student's t test).
